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The passage of an ion-acoustic solitary wave through the boundary between an electron-ion plasma and a
negative ion plasma is considered. After the ion-acoustic solitary wave enters the region of another plasma, a
disturbance arises, from which an ion-acoustic solitary wave and a chain of oscillations form over time. The
amplitude of the ion-acoustic solitary wave after passage through the boundary changes in such a way that
its value in the electron-ion plasma is greater than its value in the negative ion plasmas. An exception is the
case of a compressive ion-acoustic solitary wave propagating through the negative ion plasma and having an
amplitude exceeding the critical amplitude in the electron-ion plasma. Such an ion-acoustic solitary wave,
when entering an electron-ion plasma, releases an excess of energy to accelerate positive ions and thereby
reduces its amplitude below the critical value. The dependence of the amplitude of an ion-acoustic solitary
wave established after the boundary crossing on its initial amplitude is determined. The passage of an ion-
acoustic solitary wave through a layer of negative ion plasma surrounded by electron-ion plasmas is considered.
It is shown that the passage of a rarefactive ion-acoustic solitary wave from the negative ion plasma into the
electron-ion plasma causes disturbance, in which accelerated and trapped negative ions can be observed.
I. INTRODUCTION
Ion-acoustic solitary waves can propagate both in an
electron-ion plasma and in a multicomponent plasma
consisting of three or more kinds of particles. Of par-
ticular interest is a negative ion plasma, consisting of
electrons and positive and negative ions. In nature, neg-
ative ions are present in the D layer and in the lower part
of the E layer of the ionosphere. In the first experimental
devices, a negative ion plasma was created using thermal
ionization1 or injection of the electronegative gas SF6 into
the region of an electron-ion plasma2. Over time, the ba-
sic properties of such plasmas were investigated and the
fields of their application were established. In particular,
the possibility of using negative deuterium ions D− in ion
sources for neutral injection into controlled fusion devices
was considered3. A negative ion plasma turned out to be
a convenient medium for experimental studies of various
nonlinear phenomena, including phenomena arising from
the interaction of nonlinear structures with each other.
Note that in a collisionless negative ion plasma, nonlinear
structures such as ion-acoustic solitary waves or collision-
less shock waves, can exist not only as compressive waves,
but also as rarefactive waves.
Considerable attention was paid to the study of com-
pressive ion-acoustic solitons and rarefactive ion-acoustic
solitons, as well as their interactions with each other. In
experiments, a negative ion plasma was created using
a multi-dipole double-plasma machine4–8, or a specially
developed large multi-dipole plasma device9–13. When
studying shock waves in a negative ion plasma, the lat-
ter was created by injecting SF6 into a single-ended Q
machine14,15. A method of creating a negative ion plasma
in a single-ended Q-machine, in which negative ions are
formed from fullerene C60 and positive ions are K
+, has
been described16–19. In this case the formation of nega-
tive ions occurs in a small limited region, which is sur-
rounded by an electron-ion plasma region. The processes
occurring during such a local formation of negative ions
were studied by the particle-in-cell method20. Note that
in most of the above articles, as well as in a number
of other articles, the propagation of ion-acoustic solitary
waves and their interaction with each other were investi-
gated analytically and numerically.
Laboratory methods for creating a negative ion plasma
are characterized by the fact that in many cases there
arises not only a region occupied by a negative ion
plasma, but also a region occupied by an electron-ion
plasma adjacent to it. Therefore, in an experimental
study of ion-acoustic solitary waves in a negative ion
plasma, the problem of the passage of ion-acoustic soli-
tary waves through the boundary between plasmas may
arise. In addition, such a problem is of independent in-
terest and, as far as we know, has not been previously
considered. In this paper, we consider the passage of a
ion-acoustic solitary wave from an electron-ion plasma
to a negative ion plasma and the reverse passage from a
negative ion plasma to an electron-ion plasma.
II. FORMULATION OF THE PROBLEM
We consider ion-acoustic solitary waves propagating in
a collisionless plasma. For brevity, we will refer to them
as solitary waves, omitting the word ”ion-acoustic”. This
will not lead to a misunderstanding, since other types of
waves are not considered here. To describe the passage of
solitary waves through a boundary between an electron-
ion (EI) plasma and a negative ion (NI) plasma, we con-
sider the motion of each of the three types of ions in both
plasmas. As for electrons, we do not distinguish them by
belonging to one or another plasma. We assume that all
electrons are in equilibrium with the electric field, since in
the problem under consideration the characteristic times
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2are determined by the motion of ions. In this case, the
electron density can be determined by the Boltzmann
formula.
In the EI plasma, we denote the unperturbed ion den-
sity and the unperturbed electron density as Ni0 and
Ne0, respectively. For the unperturbed density of posi-
tive ions, the unperturbed density of negative ions, and
the unperturbed electron density in the NI plasma, we
use the notation ni0, nj0 and ne0, respectively. It is ob-
vious that in the unperturbed regions the conditions of
quasineutrality are satisfied
ZiNi0 = Ne0, zini0 + zjnj0 = ne0, (1)
where Zi > 0 is the charge number of ions in the EI
plasma, and zi > 0 and zj < 0 are the charge numbers
of positive and negative ions in the NI plasma. We de-
note the distribution function of positive ions in the EI
plasma by Fi(x, v, t), where x, v and t are the space, ve-
locity and time variables, respectively. The distribution
functions of positive and negative ions in the NI plasma
are denoted by fi(x, v, t) and fj(x, v, t), respectively. We
are considering collisionless plasma. The plasma motion
is described by the Vlasov system of equations:
∂Fi
∂t
+ v
∂Fi
∂x
− µi ∂ϕ
∂x
∂Fi
∂v
= 0,
∂fi
∂t
+ v
∂fi
∂x
− ∂ϕ
∂x
∂fi
∂v
= 0,
∂fj
∂t
+ v
∂fj
∂x
− µj ∂ϕ
∂x
∂fj
∂v
= 0,
∂2ϕ
∂x2
= −(ZiNi + zini + zjnj − ne),
Ni =
∞∫
−∞
Fi(x, v, t) dv, ni =
∞∫
−∞
fi(x, v, t) dv,
nj =
∞∫
−∞
fj(x, v, t) dv, ne = ne0 expϕ,
(2)
where
µi =
Zimi
ziMi
, µj =
zjmi
zimj
(3)
are the parameters, characterizing the plasma ion com-
position. Here ϕ is the electrostatic potential, Mi is the
mass of the ion in the EI plasma, and mi and mj are
the masses of the positive ion and the negative ion in the
NI plasma, respectively. All quantities and equations are
given in dimensionless form. The quantities
mi, ni0,
(
mi
4pizie2ni0
)1/2
,
(
Te0
4pie2ni0
)1/2
,(
ziTe0
mi
)1/2
, ziTe0,
Te0
e
, ni0
(
mi
ziTe0
)1/2 (4)
are used as units of mass, density, time, length, speed,
temperature, potential and distribution function, respec-
tively. Here e is the absolute value of the electron charge,
and Te0 is the constant electron temperature (in energy
units). As for ion temperatures, we restrict ourselves here
to the case of cold ions, assuming that all ion tempera-
tures are zero.
The initial conditions for the system of equations (2)
should take into account how the EI plasma and the NI
plasma are located relative to each other. We assume
that at the initial time t = 0 the boundary between the
EI plasma and the NI plasma is located at the point
x = 0. A solitary wave is created in the plasma, which
is located in the region x ≤ 0 (region 1). The initial
conditions can be formulated for two cases. The first
case corresponds to the fact that region 1 is occupied
by the EI plasma, and the solitary wave is formed in this
plasma. The region x ≥ 0 (region 2) is occupied by the NI
plasma. In the second case, region 1 is occupied by the NI
plasma, in which the solitary wave is formed, and region 2
is occupied by the EI plasma. In both cases, the solitary
wave in region 1 is created against the background of
a uniformly distributed plasma with given unperturbed
particle densities. The plasma in region 2 at t = 0 has a
uniform distribution with its given unperturbed particle
densities. Thus, at the initial time, the density of each of
the three types of ions falls from the unperturbed value
to zero at the point x = 0, and the electron density here
changes sharply from Ne0 in the EI plasma to ne0 in the
NI plasma. The solitary wave propagates in a positive
direction. The amplitude of the potential ϕm varies from
the initial amplitude ϕm1 in region 1 to ϕm2 in region 2.
By ϕm2 we mean the stationary amplitude of a solitary
wave in region 2 if such a solitary wave arises, or simply
the amplitude of a disturbance if a solitary wave does not
arise.
The expression for the electron density in Eq. (2) is
written in the form from which it follows that the poten-
tial ϕ(x, t) should be set equal to zero in the unperturbed
region of the NI plasma, where ne = ne0. The same
formula shows that in the unperturbed region of the EI
plasma, the potential is equal to ln(Ne0/ne0). Therefore,
at the initial time, when both plasmas are unperturbed
near the boundary, along with discontinuities in the den-
sities of ions and electrons, at the point x = 0 there is a
potential discontinuity determined by the discontinuity
of electron density.
Obviously, the presence of a discontinuity in the elec-
tron density and a discontinuity of the potential at the
point x = 0 leads to their subsequent decays. As a result,
a disturbance arises near the boundary between the two
plasmas, in which a collisionless shock wave, a rarefactive
wave, oscillations, and even instability can develop21. It
is clear that in this case, the passage of the solitary wave
through the boundary between the plasmas is substan-
tially determined by the phenomena caused by the de-
cay of the initial discontinuity. In order to investigate
the passage of a solitary wave through the boundary be-
tween the plasmas per se, it is necessary to choose the
parameters of both plasmas so that the above-mentioned
phenomena do not occur at this boundary. It is easy to
3see that for this it is necessary to eliminate the disconti-
nuity in electron density by accepting
Ne0 = ne0. (5)
Then the potential in the unperturbed region of the EI
plasma is ln(Ne0/ne0) = 0 and there is no potential dis-
continuity. Accordingly, there are also no disturbances
near the boundary between two plasmas. Our numerical
experiment confirms this21.
In this article, the passage of a solitary wave through
the boundary between two plasmas is studied numeri-
cally. We consider the case when the positive ions in
the EI plasma and in the NI plasma are the same, and
all the ions are singly charged, that is, mi = Mi, zi =
Zi = 1, zj = −1. The ratio of the mass of the nega-
tive ion to the mass of the positive ion is chosen to be
mj/mi = 0.476, which takes place in a plasma with posi-
tive ions Ar+ and negative ions F−. Parameters (3) take
the values µi = 1, µj = −2.101. The dimensionless un-
perturbed ion densities in the NI plasma are chosen as
follows: ni0 = 1, nj0 = 0.1. To satisfy relation (5), we
choose Ni0 = Ne0 = ne0 = 0.9.
Consider the ranges of possible amplitudes of solitary
waves that can propagate in an EI plasma and in a NI
plasma8,22. In an EI plasma with cold ions, solitary waves
can have a potential amplitude ϕm in the range from 0
to the critical value ϕcr = 1.256. In a NI plasma, in ad-
dition to compressive solitary waves, rarefactive solitary
waves can exist. With our ratio of ion densities in the NI
plasma, the region of possible amplitudes of compressive
solitary waves (ϕm > 0) almost continuously passes into
the region of possible amplitudes of rarefactive solitary
waves (ϕm < 0). An exception is a very small range of
amplitudes near zero. The amplitude of the compressive
solitary wave cannot exceed the maximum ϕmx = 1.362.
The negative amplitude of the rarefactive solitary wave
cannot fall below the minimum ϕmn = − 0.512.
Since the ions are cold, the speed of sound in an EI
plasma is C0 = 1, and in a NI plasma the speed of sound
for the only possible mode of ion-acoustic oscillations is
determined by the formula
c0 =
(
zini0 + zjµjnj0
zini0 + zjnj0
)1/2
. (6)
In the case of nj0 = 0.1, we have c0 ≈ 1.1596. For a given
ionic composition, the propagation velocity of a solitary
wave in an EI plasma D and the propagation velocity
of a solitary wave in a NI plasma d depend only on the
solitary wave amplitude if the ions are cold. The depen-
dencies D(ϕm) and d(ϕm) are shown in Fig. 1. It also
shows the speed of sound in the NI plasma. It is seen
that the propagation velocity of a solitary wave with an
amplitude of ϕm < 0.429 in an EI plasma is lower than
the speed of sound in the NI plasma considered here. It
can be expected that this has a certain effect on the pas-
sage of such a solitary wave from the EI plasma to the NI
plasma. In addition, as can be seen from Fig. 1, if, after
−0.5 0.0 0.5 1.0
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FIG. 1. The propagation velocities of solitary waves in the
EI plasma D (solid red curve) and in the NI plasma d (thick
blue curve) depending on the amplitude ϕm. The horizontal
dotted curve shows the speed of sound in the NI plasma.
the passage from one plasma to another, the compressive
solitary wave is retained as a compressive solitary wave
with a slightly changed propagation velocity d ∼ D, then
the amplitude of the solitary wave in the EI plasma is al-
ways greater than its amplitude in the NI plasma. But
such a situation cannot occur during the passage of a
solitary wave of large amplitude (ϕm & 1.256) from the
NI plasma to the EI plasma, since the amplitude of the
solitary wave in the EI plasma cannot increase above the
critical value ϕcr = 1.256. In other words, the case of a
solitary wave of large amplitude requires a separate con-
sideration. A separate consideration is also necessary for
the case when a rarefactive solitary wave created in the
NI plasma enters the EI plasma, where a rarefactive soli-
tary wave cannot propagate. We are considering several
options for formulation of the problem, which differ both
in the initial amplitudes of the solitary wave and in the
arrangement of the EI plasma and the NI plasma relative
to each other.
The problem is solved by numerical simulation using
the particle-in-cell (PIC) method. Numerical simulation
corresponds to the system of equations (2). As a rule,
the length of region 1 is chosen equal to 80, with the ex-
ception of cases of solitary waves with small amplitudes,
when the length of region 1 should be increased. We call
the point x = a the coordinate of the solitary wave if
ϕ(a) = ϕm. As a rule, the initial coordinate of the soli-
tary wave is x = −40. The length of region 2 varies up to
several thousand, depending on the specific goals of the
calculation. On the left boundary of region 1 and on the
right boundary of region 2, the electric field is set to zero.
At the same boundaries, the specular reflection condition
is specified for particles. The movement of ions of each
sort is simulated by a separate group of particles. Typi-
cally, the total number of particles is about 5× 107. The
number of particles for each species is set in accordance
with the density and size of the region occupied by the
simulated plasma component.
To correctly set the initial spatial distributions of quan-
4tities in a solitary wave, we find exact solutions for
the distributions of the densities and velocities of par-
ticles at a given amplitude using the method described
previously23,24. These distributions are implemented in
the PIC code using an appropriate set of coordinates and
velocities of particles. In all our numerical experiments, a
solitary wave of any amplitude formed in this way propa-
gates without any changes in its amplitude, propagation
velocity and shape.
III. NUMERICAL SIMULATION RESULTS
A. Passage of a solitary wave from an electron-ion plasma
into a negative ion plasma
Let us first consider the passage of a solitary wave from
an electron-ion plasma into a negative ion plasma. We
illustrate the passage by the example of a solitary wave
with the initial amplitude of the potential ϕm1 = 1.2 and
the propagation velocity D = 1.550. The initial coordi-
nate of the solitary wave is x = −40. Figure 2 shows
the phase planes of positive ions (x, Vi) in the EI plasma,
positive ions (x, vi) and negative ions (x, vj) in the NI
plasma for different times. (Note that in this and the fol-
lowing figures, we use different colors to represent data
related to different plasma components. Data describing
dependencies in the EI plasma region are shown in red.
Data related to the NI plasma region, including positive
ion data in this plasma, are shown in blue. Data related
to negative ions in the NI plasma are shown in violet.)
Figure 2 shows that, at t = 24, the solitary wave, which
is still in the EI plasma, approaches the boundary with
the NI plasma x = 0 and begins to enter this plasma.
Positive and negative ions of the NI plasma acquire ve-
locities and shift under the influence of the solitary wave
field. Subsequently, the solitary wave gradually enters
the region of the NI plasma. The velocities of positive
ions in the EI plasma after the passage of the solitary
wave decrease to zero. But at the same time, some posi-
tive ions from the EI plasma, close to the boundary, enter
the region x > 0, originally occupied by the NI plasma.
Positive ions from the NI plasma give way to them and
themselves shift in the direction of propagation of the
solitary wave. Negative ions from the NI plasma also
shift, but in the opposite direction, so that some nega-
tive ions close to the boundary go into the region x < 0.
These ion shifts are an obvious consequence of the unipo-
larity of solitary waves.
The evolution of the distribution of potential over time
can be seen in Fig. 3. At t = 40, the solitary wave in the
NI plasma is still being formed. A disturbance consisting
of oscillations forms behind the front peak, and the first
oscillation, which has the largest amplitude, is negative.
The disturbance propagates at a subsonic speed and by
the time t = 120 is completely separated from the front
peak, which now represents a steady solitary wave. The
amplitude of the solitary wave potential is ϕm2 ≈ 1.146,
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FIG. 2. The phase planes of positive ions in the EI plasma
(red circles) and in the NI plasma (large blue circles), as well
as the phase planes of the negative ions in the NI plasma
(violet rhombs, right axis) at different times. ϕm1 = 1.2.
and the solitary wave propagates at the velocity of d ≈
1.529. As we see, the solitary wave passing from the EI
plasma to the NI plasma remains a solitary wave, but
with a slightly lower amplitude, as was suggested above.
As mentioned in the previous section, the propaga-
tion velocity of a solitary wave with an initial amplitude
ϕm1 < 0.429 in the EI plasma is less than the speed
of sound in the NI plasma. To consider the passage of a
solitary wave with such an amplitude from the EI plasma
to the NI plasma, we performed a numerical simulation
of the passage for the case ϕm1 = 0.4. The calculation
shows that the solitary wave excites in the NI plasma a
soliton-like disturbance of a noticeably smaller amplitude
ϕm2 ≈ 0.310, propagating with a not very high super-
sonic velocity d ≈ 1.202. The disturbance is followed by
5.
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FIG. 3. Potential distributions at different times in the case
of ϕm1 = 1.2. To avoid overlapping, the vertical axes for the
distributions at t = 40, 80 and 120 are shifted down. Zero
values on the vertical axes for distributions at t = 40 and t =
80 are shown on the left. The vertical axis for the distribution
at t = 120 is shown on the right.
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FIG. 4. Potential distribution in the NI plasma at t = 2000 in
the case of ϕm1 = 0.4. In the inset, the distribution obtained
in the numerical experiment (solid blue curve) is compared
with the theoretical profile of a solitary wave (circles) with
the same amplitude ϕm2 ≈ 0.310.
oscillations propagating at a speed less than the speed of
sound c0 ≈ 1.1596. Since the difference in these velocities
is not very large, a sufficiently large time is required for
the separation of the front disturbance from the oscilla-
tions.
Figure 4 shows the potential distribution in the NI
plasma at t = 2000, when such a complete separation
occurred. To make sure that the formed soliton-like dis-
turbance is exactly a solitary wave corresponding to the
obtained amplitude ϕm2 ≈ 0.310, we calculated the po-
tential profile of a solitary wave with the same ampli-
tude using the method described in Refs. 23 and 24 and
compared it with the profile obtained in the numerical
experiment. The potential distributions obtained by two
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FIG. 5. The amplitude of the potential ϕm2 (blue solid curve
and circles) and the propagation velocity d (blue dashed curve
and squares, right axis) of the solitary wave in the NI plasma
depending on the initial amplitude of the potential ϕm1 in
the EI plasma. Symbols show the results of numerical exper-
iments, the thin red line is ϕm2 = ϕm1. The dotted curve
shows the speed of sound in the NI plasma (right axis).
methods are shown in the inset in Fig. 4. As can be
seen, there is a complete coincidence of the two profiles.
Thus, even with a relatively small amplitude of the soli-
tary wave ϕm1 in the EI plasma, its passage into the NI
plasma leads to the formation of a solitary wave there.
Fig. 5 summarizes the results of numerical experi-
ments. It depicts the amplitude ϕm2, as well as the
propagation velocity d of a stable solitary wave in the
NI plasma, depending on the initial amplitude of this
solitary wave in the EI plasma ϕm1. To estimate the
deviation of the amplitude in the NI plasma from the
initial amplitude in the EI plasma, the line ϕm2 = ϕm1
is plotted in Fig. 5. It can be seen that the amplitude of
a solitary wave in the NI plasma is always less than the
initial amplitude in the EI plasma.
B. Passage of a compressive solitary wave from
a negative ion plasma into an electron-ion plasma
In a NI plasma, a solitary wave can be a compressive
wave (ϕm > 0) or a rarefactive wave (ϕm < 0). In this
subsection, we consider the passage of a compressive soli-
tary wave formed in a NI plasma into an EI plasma. As
before, the boundary between the plasmas is located at
the point x = 0. The characteristic features of the pas-
sage of a solitary wave through the boundary between
two plasmas can be seen in Fig. 6, where, as an example,
the case ϕm1 = 0.8 is presented. Here, both the distri-
butions of the potential at different times and the depen-
dence of the amplitude of the solitary wave on its coor-
dinate are given. We see that at t = 20 the solitary wave
propagating in the NI plasma approaches the boundary
between two plasmas x = 0. Subsequently, its amplitude
in a short time first increases, then rapidly drops, and
finally begins to increase slowly up to a stationary value
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FIG. 6. Potential distributions at different times and the de-
pendence of the potential amplitude on the coordinate ϕm(x)
(dashed line) at ϕm1 = 0.8.
in the EI plasma. The potential distribution is charac-
terized by the presence of a front peak, followed by a
disturbance consisting of oscillations. We note that here
the first oscillation, which has the largest amplitude, is
positive, in contrast to the negative first oscillation in
the NI plasma (see Fig. 3). It is clearly seen that with
time the amplitude grows above the initial value in the
NI plasma and at t = 110 reaches the stationary value
ϕm2 ≈ 0.848. The front peak is completely separated
from the oscillations and propagates with a constant am-
plitude and velocity, that is, it is a solitary wave in the
EI plasma.
Above, we drew attention to the case of a solitary wave
with a sufficiently large initial amplitude ϕm1. Upon
the passage of such a solitary wave from the NI plasma
into the EI plasma, the increase in the amplitude in the
EI plasma may not occur, since here the amplitude is
limited by the critical value ϕcr = 1.256. To study this
situation in detail, we performed 3 numerical experiments
in which the amplitude ϕm1 was large. The results of
these experiments are presented in Fig. 7.
It can be seen that all of the presented quantities
undergo fairly rapid changes when passing through the
boundary between the plasmas, and then gradually reach
constant values. For an initial amplitude of ϕm1 = 1.2 in
the NI plasma (Fig. 7(a)), the amplitude of the solitary
wave in the EI plasma does not exceed the critical value.
The amplitude of the ion velocity in the EI plasma Vm
approaches the propagation velocity of the solitary wave
D, but does not exceed it.
At a higher initial amplitude ϕm1 = 1.25 (Fig. 7(b)),
the amplitude of the solitary wave in the EI plasma in-
creases with time above the critical value ϕcr = 1.256.
Simultaneously with an increase in the amplitude of the
potential, the amplitude of the ion velocity in the EI
plasma Vm also increases, and at some point in time this
amplitude becomes greater than the propagation velocity
of the solitary wave D. This leads to the separation of all
ions that have gained velocity in the solitary wave field
into two groups. The main group consists of ions whose
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FIG. 7. The amplitudes of the potential ϕm (long-dashed
curves), the propagation velocities of the solitary wave d in the
NI plasma and D in the EI plasma (short-dashed curves, right
axis), and also the amplitudes of the velocities of positive ions
vm in the NI plasma and Vm in the EI plasma (solid curves,
right axis) as functions of time for various initial amplitudes:
(a) ϕm1 = 1.2, (b) ϕm1 = 1.25, (c) ϕm1 = 1.34. Here we
denote U = {d,D, vm, Vm}. The quantities related with the
NI plasma are shown by thick blue curves, and the quantities
related with the EI plasma are shown by red curves.
velocities are less than D. These ions are in the region
of the decelerating electric field and stop over time. An-
other group consists of ions whose velocities are greater
than D. These ions overtake the peak of the solitary
wave potential and enter the region of an accelerating
electric field. In this field, the ions very quickly acquire
even greater velocities (the maximum velocity, not shown
in Fig. 7(b), Vm = 3.441), leave the solitary wave region
and then move along the unperturbed plasma. Note that
in this case the initial amplitude of the velocity of pos-
itive ions in the NI plasma vm = 1.471 is less than the
maximum permissible propagation velocity of the solitary
7−4 0 4 8
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FIG. 8. The phase planes of positive ions in the NI plasma
(large blue circles) and in the EI plasma (small red circles) at
different times for the case ϕm1 = 1.34.
wave in the EI plasma Dcr = 1.585.
A somewhat different situation arises in the case of
an even larger initial amplitude ϕm1 = 1.34 (Fig. 7(c)).
Here, both the initial amplitude of the velocity of posi-
tive ions, equal to vm = 1.611, and the initial velocity of
propagation of the solitary wave, d = 1.638, are greater
than Dcr in the EI plasma. Therefore, when the soli-
tary wave enters the EI plasma, its propagation velocity
should immediately begin to fall, and now other ions,
positive ions from the NI plasma, overtake the solitary
wave peak. In the accelerating electric field of the soli-
tary wave, these ions very quickly acquire even greater
velocities (the maximum velocity, not shown in Fig. 7(c),
Vm = 3.873) and then continue to move along the unper-
turbed region.
In fact, the observed ion acceleration is a breaking of
the ion velocity profile. Figure 8 shows how this process
develops over time. Here we see the separation of the
group of fast ions from the bulk of the ions and their
subsequent acceleration. Naturally, the acceleration of
ions occurs due to the energy of the solitary wave. Using
this mechanism, the solitary wave throw off excess energy,
and its amplitude is set to an acceptable level.
Figure 9 shows the dependences of the amplitude ϕm2
and the propagation velocity D of a stable solitary wave
in the EI plasma on the initial amplitude of this soli-
tary wave ϕm1 in the NI plasma. Plotted on Fig. 9, the
line ϕm2 = ϕm1 allows us to estimate the deviation of
the amplitude of a solitary wave in the EI plasma from
the initial amplitude in the NI plasma. It is seen that
in the amplitude range 0 < ϕm1 ≤ 1.2, the amplitude
of a solitary wave in the EI plasma is higher than the
corresponding initial amplitude in the NI plasma. How-
ever, in the case of a solitary wave with a higher initial
amplitude in the NI plasma, its stable amplitude in the
EI plasma is less than the initial amplitude due to the
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FIG. 9. The amplitude of the potential ϕm2 (red solid curve
and circles) and the propagation velocity D (red dashed curve
and squares, right axis) of the solitary wave in the EI plasma
depending on the initial amplitude of the potential ϕm1 in
the NI plasma. Symbols show the results of numerical exper-
iments, the thin blue line is ϕm2 = ϕm1.
above-described mechanism for reducing the energy of a
solitary wave.
C. Passage of a compressive solitary wave through a layer
of negative ion plasma
Above, we discussed changes in the amplitude of the
potential of a solitary wave during its passage through
the boundary between two plasmas. Examples of the
dependence of the amplitude on time are shown in Fig.
7, and an example of the dependence of the amplitude on
the coordinate of a solitary wave, which also varies with
time, is given in Fig. 6. It is of interest to compare the
changes in the amplitude of a solitary wave that occur
during its passage from an EI plasma to a NI plasma,
with those changes that occur during a reverse passage
from a NI plasma to an EI plasma. This is convenient
to do in numerical experiments simulating the case when
both passages are present simultaneously. We performed
such numerical experiments by simulating the case when
there are three plasma layers: a layer of EI plasma, a
layer of NI plasma, and again a layer of EI plasma.
The problem is formulated as follows. At the initial
time, in the region −80 ≤ x ≤ 0 there is an EI plasma in
which there is a solitary wave located at the point x =
−40. The solitary wave propagates in the direction of the
region 0 ≤ x ≤ 240, where a NI plasma is located. After
passing through the region of NI plasma, the solitary
wave enters the region of 240 ≤ x ≤ 560, where another
EI plasma is located. All parameters of the NI plasma
and the parameters of both EI plasmas are exactly the
same as the corresponding parameters of the NI plasma
and the EI plasma in previous calculations.
The change in the amplitude of a solitary wave ϕm over
time as it passes from the EI plasma to the NI plasma and
again to the EI plasma at different initial amplitudes ϕm1
is shown in Fig. 10. Here we consider rather large initial
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FIG. 10. The potential amplitudes ϕm as functions of time
in the first region of the EI plasma (thin red curves), in the
region of NI plasma (thick blue curves) and in the second
region of the EI plasma (red dotted curves) for different ϕm1:
(a) ϕm1 = 1.2, (b) ϕm1 = 1.0, (c) ϕm1 = 0.8.
amplitudes ϕm1, since in such cases a solitary wave in the
NI plasma takes its final shape before it passes through
the entire plasma region 240 in length. From Fig. 10,
it can be seen that in the first and second passages, the
amplitude of a solitary wave changes rapidly. Such a
change occurs mainly in the region located to the left
of the boundary between the plasmas. The spread of
ϕm in the regions of sharp changes is approximately the
same for both passages. It is seen that the amplitude of
a solitary wave near the boundary between the plasmas
first decreases, and then increases from the side of the EI
plasma. From the side of the NI plasma, the amplitude
of a solitary wave first increases and then decreases.
From Fig. 10 it is clearly seen that the amplitude of
the solitary wave in the second region of the EI plasma
is less than its initial amplitude in the first region of
the EI plasma. The decrease is due to the fact that a
part of the energy of a solitary wave during passages is
spent on exciting oscillations following the main front
peak, from which a solitary wave is formed over time.
This occurs after the separation of the oscillations prop-
agating at a subsonic speed from the main peak. Fig.
11 illustrates this process. It can be seen that by the
time t = 230, a solitary wave with a stable amplitude
of ϕm2 ≈ 1.190 is formed in the second EI plasma. The
profile of a solitary wave is completely determined by
its amplitude. Knowing the amplitude obtained in the
numerical experiment, we can calculate the theoretical
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FIG. 11. Potential distributions in the NI plasma region at
t = 170 (thick blue curve) and in the second region of the
EI plasma at t = 200 and t = 230 (red curves) in the case
of ϕm1 = 1.2. The circles show the theoretical profile of a
solitary wave in an EI plasma at ϕm = 1.190 and D = 1.544.
profile of the potential23,24 that should be in this solitary
wave and compare it with the profile from the numeri-
cal experiment. A comparison of two profiles is shown in
Fig. 11, where their good coincidence is visible. Thus, a
solitary wave after passing through a layer of NI plasma
remains a solitary wave with the correct potential profile,
corresponding to a somewhat reduced amplitude.
D. Passage of a rarefactive solitary wave from a negative
ion plasma into an electron-ion plasma
So far, we have considered the passage of only compres-
sive solitary waves (ϕm > 0) through the boundary be-
tween two plasmas. In a NI plasma, a rarefactive solitary
wave (ϕm < 0) can exist. But in an EI plasma, rarefac-
tive solitary waves cannot propagate. Therefore, a rar-
efactive solitary wave propagating through a NI plasma
does not remain a solitary wave when passing through
a boundary with an EI plasma. Obviously, some dis-
turbance arises in the EI plasma, the evolution of which
we consider below. We illustrate the results obtained by
an example of the passage of a rarefactive solitary wave
with an amplitude ϕm1 = −0.5 through the boundary
between the plasmas.
The general idea of the processes occurring in an EI
plasma is given in Fig. 12. We can see that an distur-
bance consisting of oscillations arises in the EI plasma.
The disturbance propagates in a positive direction at a
subsonic speed. It begins with a negative half-wave with
a maximum amplitude, followed by a series of oscilla-
tions. The amplitude of each following oscillation de-
creases compared with the amplitude of the foregoing one
in such a way that near the boundary with the NI plasma
x = 0 the oscillations almost completely disappear. As
the oscillations propagate, their number increases, and
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FIG. 12. Potential distributions (red curves) and phase planes
of negative ions (violet symbols, right axis) in the EI plasma
at different times. The dashed line denotes ϕ = 0.
the amplitudes decrease.
An analysis of the results of numerical simulation
shows that the most important features of the process
under consideration are associated with the movement
of negative ions of the NI plasma. When a rarefactive
solitary wave propagates, negative ions shift in the di-
rection of propagation of the solitary wave. Therefore,
when a solitary wave approaches the boundary with an
EI plasma, some negative ions enter the region occupied
by this plasma. These are the ions that were originally
located near the boundary between the plasmas. From
Fig. 12 it can be seen that some negative ions acquire
sufficiently high velocities and move ahead of the oscil-
lations. In addition, there is a group of negative ions
that are located in the region of the second positive half-
wave of the oscillations and move with them, that is, they
are trapped by these oscillations. And finally, there are
negative ions with small velocities that oscillate in the
disturbance field.
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FIG. 13. Phase planes of negative ions (violet symbols) and
electric field distributions E(x) (black curves, right axis) at
different times. The dotted line denotes E = 0.
Let us first consider the process of acceleration of neg-
ative ions. From Fig. 13(a) it can be seen that at
t = 25 the solitary wave approaches the plasma bound-
ary x = 0. The spatial distributions of the electric field
E and the velocities of negative ions practically do not
differ from their initial distributions. Subsequently, the
solitary wave enters the region of the EI plasma, and near
the boundary disturbances arise both in the EI plasma
and in the NI plasma. The profile of the electric field is
distorted. At the same time, negative ions located near
the boundary x = 0 and set in motion by the solitary
wave also enter the region of the EI plasma. Already
at t = 30, such ions appear in the region x > 0 (Fig.
13(b)). Some of these ions fall into the region of the neg-
ative electric field and are accelerated. Accelerated neg-
ative ions continue to move in the region of the negative
electric field, acquire even greater velocities and overtake
the oscillations, forming a group of accelerated ions (Fig.
13(c)).
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FIG. 14. Coordinates xk (violet dashed curves), velocities vk
(thick violet curves, right axis) and electric fields Ek (black
curves, separate right axis) as functions of time for three par-
ticles (k = 1, 2, 3). The particles have the initial coordinates:
x1 = −8.0220, x2 = −8.0396 and x3 = −0.8816.
Fig. 12 shows that the disturbance arising in the EI
plasma can trap a certain group of negative ions and
transfer them in the region of the EI plasma over a rather
long distance. To describe in more detail the formation
of trapped negative ions and their motion, we traced
the motion of ten particles simulating negative ions. As
might be expected, there are three characteristic parti-
cle trajectories. Fig. 14 presents data for three particles
with different initial coordinates. Shown here are the
time dependences of the coordinates and velocities of the
particles, as well as the electric field at the points where
the particles are.
From Fig. 14(a), it can be seen that particle 1 does not
fall into the region x > 0 and gradually moves to the in-
ner part of the NI plasma region. The electric field acting
on it approaches zero with time. Particle 2 (Fig. 14(b))
not only falls into the region x > 0, but also gradually
moves in the positive direction inside the region of the EI
plasma. The coordinate and velocity of the particle un-
dergo oscillations. Obviously, this is due to the fact that
this particle is trapped and is in a potential well. The
same oscillations also appear on the time dependence of
the electric field at the point where the particle is lo-
cated. And finally, particle 3 (Fig. 14(c)) with an initial
coordinate close to the boundary x = 0 demonstrates the
particle acceleration process. The velocity of this parti-
cle monotonously and quite rapidly increases from zero
to 3.06, after which it remains at a constant value. The
acceleration of the negative ion ceases after it leaves the
region of a nonzero electric field. The electric field acting
on this particle, first increases in magnitude, and then
falls.
Note that similar acceleration and trapping of nega-
tive ions also occur at lower absolute values of the ini-
tial amplitude. The phenomenon is still observed at
ϕm1 = −0.2, but at ϕm1 ≤ −0.15 there are no accel-
erated and trapped negative ions.
IV. CONCLUDING REMARKS
In this paper, we studied the passage of solitary waves
through the boundary between an EI plasma and a NI
plasma. It was found that during the passage of a solitary
wave from an EI plasma to a NI plasma, a disturbance
arises in the latter, from which a solitary wave and a
chain of oscillations form over time. In almost the same
way, a compressive solitary wave passes from a NI plasma
to an EI plasma. Note that a similar scenario is also ob-
served during the evolution of a limited in size compres-
sive disturbance in a plasma, which also decays over time
into one or several solitary waves and oscillations25,26.
In such passages, the amplitude of a solitary wave in
an EI plasma, as a rule, turns out to be larger than its
amplitude in a NI plasma. An exception is the case when
the initial amplitude of a compressive solitary wave in the
NI plasma is close to or exeeds the critical amplitude in
the EI plasma. Since the critical amplitude cannot be
exceeded, the amplitude of the resulting solitary wave in
the EI plasma should be set at a level below the criti-
cal amplitude. A decrease in the amplitude of a solitary
wave means that its energy decreases. A decrease in en-
ergy can occur as a result of the breaking of a solitary
wave of large amplitude when it enters an EI plasma. The
breaking occurs due to the fact that some of the positive
ions acquire velocities that exceed the propagation veloc-
ity of the solitary wave in the EI plasma. Such fast ions
overtake the solitary wave peak and find themselves in
the region of an accelerating electric field, where they ac-
quire even greater velocities. Then, the accelerated ions
leave the solitary wave region and continue to move along
the unperturbed plasma region. The acceleration of ions
occurs due to the energy of the solitary wave. As a result,
the amplitude of the resulting solitary wave decreases to
a value below the critical value.
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A similar phenomenon of energy release by solitary
waves was also observed during head-on collisions of soli-
tary waves of large amplitudes27–29. Such collisions slow
down the colliding solitary waves and then their propa-
gation with previous velocities becomes impossible. The
transfer of excess energy to ions leads to a change in the
amplitude of the solitary wave in accordance with the
changed velocity of its propagation. The solitary wave af-
ter the collision remains a solitary wave, although with a
reduced amplitude. It is known that solitary waves of not
very large amplitudes, solitons, preserve their amplitudes
and remain solitons in mutual collisions. The processes
occurring both in the passage of solitary waves of large
amplitudes from a NI plasma to an EI plasma, and in col-
lisions of solitary waves of large amplitudes, demonstrate
the ability of solitary waves to remain solitary waves, al-
though somewhat changed, even under adverse external
influences.
Another scenario is observed when a rarefactive soli-
tary wave enters from a NI plasma into an EI plasma. A
rarefactive solitary wave cannot exist in an EI plasma.
Therefore, a disturbance in the form of a chain of os-
cillations arises in the EI plasma. Negative ions, which
were initially close to the boundary, are shifted to the
region of the EI plasma. Some of these ions fall in the
region of the negative electric field and are accelerated
by this field, and then, having acquired rather high ve-
locities, they move along the unperturbed region of the
EI plasma. In addition to such accelerated ions, a group
of negative ions trapped by oscillations is observed in nu-
merical experiments. Oscillations propagate at subsonic
velocity and decay over time. Therefore, the trapped ions
gradually turn into free negative ions brought into the EI
plasma. Here the situation is significantly different from
the case when negative ions are trapped by a compressive
solitary wave30. In the latter case, a solitary wave propa-
gates without changes and can transfer a sufficiently large
group of negative ions over a long distance.
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